Alzheimer's disease (AD) and related tauopathies comprise a large group of neurodegenerative diseases associated with the pathological aggregation of tau protein. While much effort has focused on understanding the function of tau, little is known about the endogenous mechanisms regulating tau metabolism in vivo and how these contribute to disease. Previously, we have shown that the microRNA (miRNA) cluster miR-132/212 is downregulated in tauopathies such as AD. Here, we report that miR-132/212 deficiency in mice leads to increased tau expression, phosphorylation and aggregation. Using reporter assays and cellbased studies, we demonstrate that miR-132 directly targets tau mRNA to regulate its expression. We identified GSK-3β and PP2B as effectors of abnormal tau phosphorylation in vivo. Deletion of miR-132/212 induced tau aggregation in mice expressing endogenous or human mutant tau, an effect associated with autophagy dysfunction. Conversely, treatment of AD mice with miR-132 mimics restored in part memory function and tau metabolism. Finally, miR-132 and miR-212 levels correlated with insoluble tau and cognitive impairment in humans. These findings support a role for miR-132/212 in the regulation of tau pathology in mice and humans and provide new alternatives for therapeutic development.
Introduction
The microtubule-associated protein tau functions to promote microtubule assembly and stabilization in neurons, which is necessary for neurite outgrowth and axonal transport (1) (2) (3) . The abnormal aggregation of hyperphosphorylated tau is a common pathological feature of neurodegenerative disorders collectively known as tauopathies, including Alzheimer's disease (AD), progressive supranuclear palsy (PSP) and frontotemporal lobe dementia (FTLD-Tau) (3) (4) (5) . Tau is encoded by an alternatively spliced gene (MAPT) located on chromosome 17. Missense or splice site mutations in MAPT cause frontotemporal dementia and parkinsonism linked to chromosome 17 (FTDP-17) (6, 7) . An imbalance between tau kinases and phosphatases is also thought to participate in tau dysfunction and disease pathophysiology; however, the molecular mechanisms leading to tau hyperphosphorylation and aggregation remain poorly understood. Interestingly, copy number variations or partial deletion of MAPT has been identified in AD and FTLD cases (8) (9) (10) (11) , suggesting that changes in tau gene dosage are sufficient to trigger disease. Consistent with this hypothesis, specific MAPT haplotypes are associated with increased expression of tau and risk for AD (12, 13) . The identification of endogenous mechanisms that participate in tau metabolism (dys)regulation leading to aggregation is therefore of high interest.
The short (∼22 nucleotides) regulatory miRNAs are abundantly expressed in the brain (14, 15) and are essential for brain development and maintenance (16, 17) . MiRNAs function to repress protein output by binding to target mRNA sequences, typically within the 3′ untranslated region (3′ UTR). Each miRNA can regulate multiple genes, thus potentially acting on biological pathways (17, 18) . Alternatively, some miRNAs can function through specific key target genes or 'master switches' (19) . MiRNAs are clearly essential for post-mitotic neuronal survival (20) , whereas abnormal miRNA expression patterns are observed in neurodegenerative disorders in humans (21) . While several miRNAs can participate in the regulation of disease-related genes (22) (23) (24) , understanding the cause and effect of relationship between miRNA dysregulation and disease development in vivo, particularly in mammals, remains an unresolved issue (25, 26) .
miR-132 and miR-212 are expressed from a bicistronic locus located on chromosome 17 in humans (chromosome 11 in mice) (27) . Both miRNAs have similar mature sequences and share the same seed region, although miR-132 is the major functional species in the brain (28) . While the role of miR-132 (and miR-212) in the central nervous system is not fully understood, it is proposed to function in neurite outgrowth (29) , dendritic growth and arborization (28) , synaptic transmission and plasticity (30, 31) , learning and memory (32, 33) , apoptosis (34) and neuroprotection (35) . Interestingly, the miR-132/212 cluster is frequently downregulated in AD and other tauopathies (34, (36) (37) (38) (39) (40) (41) . In AD, miR-132 or miR-212 levels correlate with the severity of tau pathology (38, 39) , whereas miR-132 and tau are co-expressed in the same neuronal populations (39) . Previously, we have shown that miR-132 can regulate tau alternative splicing in vitro by targeting polypyrimidine tract-binding protein 2 (PTBP2), whereas miR-132 levels correlate with tau splicing defects in PSP cases (40) . Despite these observations, a direct functional link between miR-132 or miR-212 and tau is still lacking.
In the present study, we evaluated the effects of miR-132/ 212 genetic deletion on tau metabolism in mice. We show that miR-132/212 deficiency leads to disease-related changes in tau expression, phosphorylation and aggregation. Interestingly, tau hyperphosphorylation and aggregation is exacerbated in a combined AD/FTLD mouse model lacking the miR-132/212 cluster. This latter model is also associated with long-term memory deficits, whereas injection of miR-132 mimics ameliorates memory retention in diseased mice. In humans, miR-132 and miR-212 levels correlate with insoluble tau and cognitive decline. Collectively, these results highlight the potential importance of miR-132/212 in tauopathies and open the door to the development of new therapies for neurodegenerative disorders.
Results

Abnormal tau metabolism in miR-132/212 knockout mice
In the present study, we used miR-132/212 knockout (KO) mice (28) , in which both miR-132 and miR-212 are absent from the brain (33) . By western blot, we observed an increase in total tau protein levels in adult KO mice when compared with controls (WT) (Fig. 1A and C) . A non-statistical trend towards increased Mapt (tau) mRNA levels was observed as well (Fig. 1D) . Tau phosphorylation at S422 epitope was significantly upregulated in the KO mice. Tau AT8 was slightly downregulated, whereas PHF1 remained unchanged, after normalization to total tau (although both epitopes remain higher compared with wildtype mice) (Fig. 1A and B) . Analysis of tau kinases and phosphatases for these epitopes (42) identified glycogen synthase kinase 3 beta (GSK-3β) and calcineurin/PP2B as effectors of tau hyperphosphorylation ( Fig. 1E-G) . No changes were observed in extracellular signal-regulated kinases 1 and 2 (ERK1/2) (data not shown). Notably, mice lacking miR-132/212 displayed no significant differences in body weight, body temperature or blood glucose levels when compared with littermate controls (Supplementary Material, Fig. S1 ). Controlling these latter parameters is important, as they are known to influence tau phosphorylation in vivo (43, 44) .
Tau is a direct target of miR-132
The increase of total tau levels prompted us to search for potential miR-132/212-binding sites in tau mRNA. Bioinformatics analysis using TargetScan (www.targetscan.org) identified a putative miR-132/212 target site located in the 3′ UTR of mapt ( Fig. 2A) . To confirm these predictions, we used a luciferase reporter gene containing the mouse tau 3′ UTR. Co-transfection of miR-132 mimics with the reporter construct caused a significant downregulation of luciferase activity (tau expression) in Neuro2a cells (Fig. 2B) . Here, a scrambled miRNA mimic was used as negative control. An unrelated miRNA, which is not predicted to bind to the 3′ UTR of tau (miR-195), was used as an additional control. Mutating the predicted miRNA:mRNA pairing region abolished the regulatory effect of miR-132 on tau (Fig. 2B) . In another set of experiments, we transfected miR-132 mimics into naive Neuro2a cells. Introduction of miR-132 caused a significant reduction in endogenous tau protein levels ( Fig. 2C and D) , consistent with our previous observations (40) . Tau mRNA remained unchanged in these conditions (Fig. 2E ). These in vitro assays indicate that miR-132 binds directly to tau mRNA to regulate its expression, providing a mechanism for the observed higher levels of tau in the KO mice.
miR-132/212 loss accentuates tau hyperphosphorylation in diseased mice
We next studied the effects of miR-132/212 deficiency in disease settings. To this end, we generated triple transgenic AD mice (3xTg-AD) (45) lacking the miR-132/212 cluster. The 3xTg-AD mice harbor both AD (APP Swe /PSEN
M146V
) and FTLD (Tau   P301L   ) related genes and thus provide an interesting model to study AD and tauopathies in general by expressing human mutant tau. The 3xTg-AD/miR-132/212 knockout mice (3xTg-AD KO ) had increased levels of total tau when compared with controls (3xTg-AD WT ) ( Fig. 3A and C ). This effect was specific for endogenous mouse tau, as human tau remained unchanged in these conditions (as determined using the human-specific CP27 antibody) (46).
Interestingly, both S422 and PHF1 tau phospho-epitopes were upregulated in the 3xTg-AD KO ( Fig. 3A and B) . Tau AT8 phospho-epitope remained unchanged in these conditions. Overall, tau hyperphosphorylation is accentuated in an AD model deficient for the miR-132/212 cluster.
Deletion of miR-132/212 promotes tau aggregation in mice
We also measured tau aggregation in the different mouse models. Sarkosyl-insoluble mouse tau accumulated in nontransgenic miR-132/212-deficient mice (Supplementary Material, Fig. S2 ). Interestingly, human tau (CP27 epitope) was strongly enriched in the sarkosyl-insoluble fraction of 3xTg-AD KO mice when compared with 3xTg-AD WT mice ( Fig. 3D and F) . As control for these experiments, we analyzed soluble and sarkosyl-insoluble tau in non-demented and AD individuals (Supplementary Material, Fig. S2 ). Notably, hyperphosphorylated tau (PHF1 and AT8 epitopes) accumulated in the sarkosyl-insoluble fraction of 3xTg-AD KO mice when compared with respective controls ( Fig. 3D and E) . In aged 3xTg-AD KO mice, we observed a strong increase of MC1 (Fig. 3G) , a conformation-dependent tau antibody that recognizes an early pathological tau species (47, 48) . Thus, miR-132/212 loss is associated with disease-relevant changes in tau aggregation and deposition. Although increased expression of tau would be sufficient to cause its aggregation, we wanted to explore if other mechanisms could participate in this process. Among known factors involved in tau aggregation, autophagy is of particular interest (49) (50) (51) (52) . Interestingly, Ucar and colleagues have recently shown that autophagy is defective in miR-132/212 KO cardiomyocytes in mice (53) . We therefore sought to analyze autophagy in the brains of miR-132/212-deficient mice. Western blot analysis was performed using a panel of well-characterized autophagy markers, including p62/SQSTM1, Atg9a, Atg5-12, Beclin-1 and Tmem106b. We observed a significant upregulation of p62 and Tmem106b in the KO mice, whereas Atg9a and Atg5-12 were downregulated ( Fig. 4A and B) . Electron microscopy analysis revealed a net increase in the size and number of autophagic vacuoles (Fig. 4C-F) , confirming that the autophagic process is impaired in the absence of miR-132/212. Taken together, these results indicate that loss of miR-132/212 function in the brain leads to pathological-like aggregation of tau, likely via multiple mechanisms including autophagy impairment. Gapdh was used as normalization control, and relative quantifications are shown. Statistical significance was determined by Student's unpaired t-test, where *P < 0.05 and ***P < 0.001
miR-132 treatment improves long-term memory in diseased mice
We have previously shown that miR-132/212 knockout mice have impaired memory formation and retention (33) . We therefore sought to determine whether miR-132/212 deficiency could exacerbate cognitive deficits in 3xTg-AD mice. We observed little or no differences in ( poor) memory performances between 3xTg-AD WT and 3xTg-AD KO mice in the Barnes maze at 6 and 12 months of age ( 
Analysis of miR-132 in Alzheimer's disease
Finally, we asked whether our observations had clinical significance. To validate and extend earlier findings (34,36,37,39), we measured miR-132 levels in various brain regions of AD individuals and non-demented controls in two independent cohorts. In the Douglas Bell Canada Brain Bank samples, we observed lower levels of miR-132 in the temporal cortex (P = 0.021, n = 5-7/ group) ( Fig. 7A ), validating our recent data (36) . In the same cohort, miR-132 was lower in the frontal cortex (P = 0.002, n = 8/ group) and hippocampus (P = 0.008, n = 10-13/group) (Fig. 6A ). In the Religious Orders Study samples, we also observed a downregulation of miR-132 in the temporal cortex (P = 0.034, n = 11-12/ group) (Fig. 7B ). Interestingly, a similar result was seen in brains from persons with mild cognitive impairment (MCI) (P = 0.043, n = 10-12/group) ( Fig. 7B ), suggesting that miR-132 is affected early-on in disease course in a subset of patients, which is Using previous data from the Religious Orders Study cohort [ (57, 58) and Supplementary Material, Table S1 ], we noted a significant correlation between miR-132 and insoluble tau in all cases (P = 0.009, n = 32) (Fig. 7C) . No correlation was observed with soluble tau (data not shown). Furthermore, miR-132 was correlated with mini-mental state examination (MMSE) (P = 0.009, n = 32), working memory (P = 0.001, n = 32), perceptual speed (P = 0.001, n = 32), episodic memory (P = 0.041, n = 32), semantic memory (P = 0.014, n = 32), visuospatial ability (P = 0.028, n = 32) and global cognitive score (P = 0.004, n = 32), the latter which is based on the average of 19 cognitive function tests scores (Fig. 7D-J Fig. S8 ). These observations provide further evidence that miR-132/212 expression plays an important role in AD and is closely related to the progression of the disease. Size (E) and number in the field (F) are measured from EM images. Statistical significances were assessed by Student's unpaired t-test, where *P < 0.05, **P < 0.01 and ***P < 0.001.
Discussion
The miR-132/212 family is emerging as an important player in neural plasticity, memory formation and neuroprotection. However, little is known about the precise role of this family in vivo and, more importantly, what are the consequences of miR-132/ 212 deficiency in the brain. In the current study, we focused on tau, which is associated with >20 neurodegenerative disorders. These experiments are a direct follow-up of our previous findings showing that miRNAs can indirectly regulate tau exon 10 alternative splicing and phosphorylation in vitro (20, 40) . Now, we demonstrate that miR-132 (and possibly miR-212) is directly implicated in endogenous tau expression, phosphorylation and aggregation. 6728
While screening for known tau kinases and phosphatases, we identified GSK3β and PP2B that were altered in the absence of miR-132/212 in mice. We also provide substantial evidence that tau is a direct target of miR-132. Of note, we observed more mouse and human tau insolubility in the absence of miR-132/ 212 in the brain, as seen in AD. Such defects were associated with autophagy dysfunction. Introduction of miR-132 mimics rescued in part long-term memory deficits associated with diseased mice. Finally, we observed a significant correlation between miR-132, insoluble tau and cognitive impairment in humans, providing clinical relevance to our findings. Taken together, these results implicate the miR-132/212 cluster in many aspects of tau metabolism regulation, whereas loss of miR-132/ 212 function could contribute significantly to tau pathology and likely other important signaling pathways in the brain.
Previous studies have hinted that tau is prone to miR-132 regulation; however, whether this effect was direct or mediated by other factors remained unclear. For instance, Lau P et al. (39) showed that miR-132 could regulate human tau expression in luciferase-based reporter assays. Dickson JR et al. (59) observed similar results with mouse tau, although these authors could not abrogate the effects of miR-132 following mutagenesis of the tau 3′ UTR. In our opinion, these discrepancies are attributable to technical issues (e.g. choice of site mutagenesis, miRNA mimic dosage) and possibly cell-type effects. Using a more physiological approach, Chi SW et al. (60) documented a direct interaction between endogenous miR-132 and tau mRNA in the mouse brain using Argonaute HITS-CLIP assays. Combined with the results herein, we are therefore confident that tau is a bona fide target of miR-132. It remains to be tested whether miR-212 Analysis of tau phosphorylation identified epitope-specific changes in the absence of miR-132/212 in mice. Such changes coincided with (epitope) specific tau kinases and phosphatases (42) . Interestingly, GSK-3β and PPP3R1/PPP3R2 (two regulatory subunits of PP2B/calcineurin) genes contain a conserved miR-132/ 212 target site (www.targetscan.org). The effects of miR-132/212 loss on endogenous signaling pathways therefore need to be scrutinized. Previously we showed that certain memory genes of the miR-132/212 pathway are disrupted in adult miR-132/212 knockout mice, including CREB, BDNF and MeCP2 (33) . Since not all tau phosphorylation sites tested are affected (even sometimes inversed) in the miR-132/212 deficient mice, other (or additional) mechanisms are likely at play in tauopathies. In the future, it will be interesting to identify all the factors involved in tau phosphorylation regulation in the miR-132/212-deficient mice, and whether these are affected in disease settings (e.g. with Aβ).
The 3xTg-AD model is commonly used to understand the underlying mechanisms of AD (61) . In the present study, we investigated tau metabolism mainly prior to AD pathology (i.e. with Aβ plaques and neurofibrillary tangles) to exclude potential downstream or indirect effects. It's noteworthy that miR-132/212 misregulation is associated with early stages of tau pathology (i.e. Braak stages) in humans (38, 39) . These experiments showed that miR-132/212 deficiency in 3xTg-AD mice results in increased aggregation of phosphorylated tau. The effects of miR-132/212 loss on human tau are likely independent of gene expression regulation, as the 3xTg-AD mice, as with most tauopathy models, do not contain the human tau 3′ UTR. This is consistent with the observation that total (soluble) human tau levels are not changed in the absence of (or overexpression of ) miR-132/212 in vivo.
The results presented herein implicate autophagy alterations in miR-132/212-deficient mice. Interestingly, deregulation of autophagy is observed in AD and various other neurodegenerative disorders (62) (63) (64) , whereas a genetic link between autophagy and neurodegenerative disorders (some of which have lower miR-132/212 levels) is well documented (65) . Obviously, we cannot exclude that autophagy defects may be a secondary event (e.g. abnormal protein synthesis), and other indirect factors or pathways might participate in tau aggregation in vivo. For instance, endogenous mouse tau might influence human tau aggregation (66, 67) . Aβ peptides can influence human tau aggregation via different signaling pathways (68) , alone or in combination with miR-132/212 targets. One should keep in mind, however, that mouse tau is also prone to aggregation, independent of Aβ. In any case, our results are consistent with the notion that human mutant tau is 'naturally' more prone to aggregation and that miR-132/212 loss affects the brain at various levels. Furthermore, our overexpression studies in mice further implicate miR-132 in the regulation of autophagy via still undetermined mechanisms.
The treatment of 3xTg-AD mice with miR-132 mimics significantly improved long-term memory deficits, which coincided with reduced tau phosphorylation. Higher doses of miR-132 mimics could equally reduce mouse tau protein levels in vitro (herein) and in vivo (Goupil C., unpublished observations). How miR-132 regulates long-term memory in 3xTg-AD mice is uncertain. One possibility is via acetylcholinesterase (AChE), a previously identified miR-132 target (69) implicated in modulating cholinergic signaling and memory in humans and 3xTg-AD mice (70, 71) . The downregulation of phosphorylated tau can also participate in memory retention by promoting microtubule stability and axonal transport.
In addition to miR-132, other miRNAs are likely involved in the regulation of tau metabolism in normal or disease condi- More recently, it was shown that miR-219 targets tau and promotes tau-induced toxicity in flies (75) . It should be noticed, however, that all previous studies have relied on artificial overexpression paradigms and, therefore, the clinical significance of these observations is uncertain. One example is miR-219, which can modulate tau pathology in Drosophila but is mainly expressed in oligodendrocytes in mammals (76) . Also, not all reported miRNAs are shown consistently to be misregulated in AD or other tauopathies.
Using a variety of methods (e.g. microarrays, RNA-Seq, qRT-PCR), several groups have now convincingly demonstrated that miR-132 and/or miR-212 is frequently downregulated in AD and various other tauopathies. These findings, combined with our current data, suggest that miR-132/212 dysregulation might occur early in disease course as well as in different brain regions. It should be stressed, however, that MCI does not necessarily reflect prodromal AD. Previous reports have found a direct relationship between tau pathology (i.e. Braak stages) and miR-132/212 expression levels using unbiased screens; in other words, when compared with all other brain miRs. Whether miR-132/212 can be used in diagnostics is an interesting possibility (55, 56) . The mechanism(s) involved in miR-132/212 downregulation remain (s), however, to be identified. Mild or advanced tau pathology per se is insufficient to cause miR-132/212 downregulation in mice (data not shown). Our results also exclude long PMDs as a causative factor. Transcription factors such as cAMP-response element binding protein (CREB) (29, 77) , neurotrophins such as brain-derived neurotrophic factor (BDNF) (78, 79) and inflammation mediators such as lipopolysaccharide (LPS) (69) have all been associated with miR-132/212 expression regulation. Interestingly, a recent study has shown that miR-132 reduction occurs in neurons predestined to die, possibly downstream of REST/ NRSF (35) .
Loss of miR-132/212 expression is reported in various other neurological disorders, including Huntington's disease (80) , schizophrenia (81) and amyotrophic lateral sclerosis (82) . Interestingly, tau pathology is found with these diseases as well (83, 84) . Of course, we cannot conclude definitively that miR-132/212 deficiency will lead to increased tau expression and/or abnormal tau metabolism in the brain or other tissues, as miRNAs targets may differ in pathological settings. Studies are underway to find additional miR-132/212 targets in the brain, which will help elucidate the role of these intriguing miRNAs in health and disease.
Material and Methods
Study approval
All human and mouse studies were approved by the national ethical committee protocols and in agreement with the Université Laval ethical committee.
Humans
Brain tissue from the first cohort of patients came from the Douglas Bell Canada Brain Bank, Montreal, Canada, and included nondementia controls and AD cases, based on neuropathological diagnosis. Patient information is available elsewhere (40, 58) . Brain tissue from a second, independent cohort of persons came from the Religious Orders Study, Chicago, USA, which consisted of non-demented controls, MCI and AD cases, based on detailed clinical diagnosis. Dementia and AD diagnosis required evidence of decline in cognitive function based on the results of 21 cognitive performance tests. MCI refers to participants with cognitive impairment as assessed by the review of the cognitive performance tests. A global measure of cognition was based on 19 cognitive tests, which were used to summarize 5 cognitive ability categories: episodic memory, semantic memory, working memory, perceptual speed and visuospatial ability (57, 85, 86) . Patient-related data and performance tasks deployed are listed in Supplementary Material, Table S1 and S2, respectively. Blocks of tissue from temporal cortex, prefrontal cortex and hippocampus were dissected and snap-frozen in liquid nitrogen until use.
Mice
The generation of full miR-132/212 knockout mice was described previously (28, 33) . The miR-132/212 knockout mice (a kind gift from Dr R. H. Goodman, Vollum Institute, USA) were bred with homozygous 3xTg-AD mice (JAX Stock No. 004807). First-generation (F1) offspring gave double heterozygous mice, which were crossed with homozygous 3xTg-AD mice. Second-generation (F2) offspring (heterozygous for miR-132/212 and homozygous for 3xTg-AD) were used in all our experimental groups, unless stated otherwise. The mice were group-housed (2-5 per cage) in a temperature-controlled room (22°C) with 12/12 light-dark cycles. All animals of this study had access to food and water ad libitum. Wild-type or 3xTg-AD mice deficient for miR-132/212 were compared with age-matched littermate controls. All mice were killed without anesthesia to avoid tau hyperphosphorylation unless specified otherwise. The brains were removed, dissected on ice and frozen on dry ice. All tissues were stored at −80°C until use.
Cell culture, transfection and mutagenesis
Mouse Neuroblastoma 2a (Neuro2a) were purchased from ATCC (#CCL-131) and cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum. Cells were tested negative for mycoplasma contamination. Before transfection, 200 000 cells were seeded into 6-well plates. 
Western blotting
Neuro2a cells were rinsed with cold PBS and lysed with a Sonic Dismembrator model 500 (Thermo Scientific) in RIPA buffer containing: 50 m Tris-HCl, pH 7.4, 1 m ethylenediaminetetraacetic acid (EDTA), 150 m NaCl, 0.5% sodium deoxycholate, 1% octylphenol ethoxylate (IGEPAL CA630, Bioshop Canada), phosphatase inhibitors (1 m activated sodium orthovanadate, 1 m sodium fluoride), 1 m phenylmethylsulfonyl fluoride and a complete mini EDTA-free protease inhibitor cocktail tablet (Roche life science). Lysates were incubated on ice for 20 min and spun at 20 000×g for 15-20 min at 4°C. Then, the supernatant was kept and 30 µg of protein was mixed to the NuPAGE ® LDS sample buffer (Life technologies) with 5% final volume of ß-mercaptoethanol for immunoblot analysis. Frozen tissues from mice or humans were mechanically homogenized in 5× vol./weight of RIPA buffer, put on ice for 20 min and then centrifuged at 20 000×g for 15 min (low speed lysate). For the insoluble fraction, an aliquot of supernatants from low speed lysates were mixed to 1% N-Lauroylsarcosine sodium salt (Sarkosyl, Sigma) and incubated at 37°C for 1 h on a rotarod. Then, the mixes were centrifuged at 100 000×g at 20°C for 1 h using Sorvall ® mTX 150 Ultra Centrifuge (ThermoScientific). After centrifugation, the pellet were washed with 1% sarkosyl and dissolved in a sample protein buffer. The Fusion FX5 imaging system (Vilbert Lourmat, France) and Immobilon™ Western Chemiluninescent HRP Substrate (EMD Millipore) were used for immunoblot detection.
Immunochemistry
Brains were fixed with 4% paraformaldehyde for 72 h and embedded in paraffin. Five-micrometer serial sagittal sections were 
Electronic microscopy
All procedures were conducted as described previously (88) . Three mice per experimental group were anesthetized with sodium pentobarbital (80 mg/kg, i.p.) and perfused through the aortic arch with 3.5% acrolein followed by 4% paraformaldehyde. Transverse sections of the brain (50 m thick) were cut in sodium phosphate buffer (PBS; 50 m at pH 7.4) using a vibratome and stored at −20°C in cryoprotectant (30% glycerol and 30% ethylene glycol in PBS) until further processing. In preparation for imaging, the sections were washed with PBS, post-fixed flat in 1% osmium tetroxide and dehydrated in ascending concentrations of ethanol. They were treated with propylene oxide, impregnated in Durcupan (Electron Microscopy Sciences) overnight at RT, mounted between ACLAR embedding films (Electron Microscopy Sciences) and cured at 55°C for 72 h. Areas of CA1 stratum radiatum, at a level approximating the transverse planes Bregma −3.27 to −4.03 (89), were excised from the embedding films and re-embedded at the tip of resin blocks. Ultrathin (65-80 nm) sections were cut with an ultramicrotome (Leica Ultracut S), collected on bare square-mesh grids and examined at 80 kV with an FEI Tecnai Spirit G2 transmission electron microscope equipped with an ORCA-HR digital camera (10 MP; Hamamatsu). For analysis, 30 randomly selected electronic microscopy (EM) images per animal were captured at final magnification of 6800×. In each captured field, the number of Autophagic Vacuoles (AVs) was counted by visual inspection, and the size of each AVs was measured using ImageJ software. All vacuoles under 200 µm were excluded to avoid vacuoles from the endosomal pathway.
miRNA delivery studies in vivo 
Memory tests
3xTg-AD mice were subjected to spatial memory tasks in the Barnes maze, as described previously (33) . Experienced mice (3xTg-AD WT or 3xTg-AD KO ) received a 5-day learning trial 6 months before the second protocol (n = 12/group). For mice treated with miR-132 mimics or vehicle, long-term memory retention was tested using additional probes (recalls) at Days 29, 36 and 42 (i.e. 1, 2 and 3 weeks later).
Statistics
Western blot quantifications were done using ImageJ 1.6 (http:// imagej.nih.gov/ij/). The data were analyzed with the two-tailed unpaired Student t-test with Prism 6.0d software (GraphPad Software, San Diego, CA). For multiple group comparisons, the oneway analysis of variance (one-way ANOVA) followed by the Bonferroni post hoc test was used. For Barnes Maze data analysis, the two-way ANOVA (repeated measures) followed by the Bonferroni post hoc test was used. The data are expressed as means ± SEM with P-values of <0.05 considered significant. Correlations were calculated using the Prism 6.0d software.
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Supplementary Material is available at HMG online.
